Background: Low birth weight and unhealthy lifestyles in adulthood have been independently associated with an elevated risk of hypertension. However, no study has examined the joint effects of these factors on incidence of hypertension. Methods: We followed 52,114 women from the Nurses' Health Study II without hypercholesterolemia, diabetes, cardiovascular disease, cancer, prehypertension, and hypertension at baseline . Women born preterm, of a multiple pregnancy, or who were missing birth weight data were excluded. Unhealthy adulthood lifestyle was defined by compiling status scores of body mass index, physical activity, alcohol consumption, the Dietary Approaches to Stop Hypertension diet, and the use of non-narcotic analgesics. Results: We documented 12,588 incident cases of hypertension during 20 years of follow-up. The risk of hypertension associated with a combination of low birth weight at term and unhealthy lifestyle factors (RR, 1.95; 95 % CI, 1.83-2.07) was more than the addition of the risk associated with each individual factor, indicating a significant interaction on an additive scale (P interaction <0.001). The proportions of the association attributable to lower term birth weight alone, unhealthy lifestyle alone, and their joint effect were 23.9 % (95 % CI, 16.6-31.2), 63.7 % (95 % CI, 60.4-66.9), and 12.5 % (95 % CI, 9.87-15.0), respectively. The population-attributable-risk for the combined adulthood unhealthy lifestyle and low birth weight at term was 66.3 % (95 % CI, 56.9-74.0). Conclusion: The majority of cases of hypertension could be prevented by the adoption of a healthier lifestyle, though some cases may depend on simultaneous improvement of both prenatal and postnatal factors.
Background
Hypertension affects one third of American adults [1] and is the leading cause of global disease burden [2, 3] . Prenatal factors, such as intrauterine nutrition status [4] [5] [6] [7] [8] [9] [10] [11] , and adulthood factors, such as unhealthy diet and lifestyle [12, 13] , have been independently associated with an elevated risk of hypertension. The association between prenatal famine exposure and high blood pressure was consistently observed in studies of the Dutch famine [11] , the Leningrad Siege [10] , and the Chinese famine [8] . In addition, low birth weight has been consistently associated with an increased risk of hypertension [4] [5] [6] . Compelling evidence has also related adulthood lifestyle such as body weight, diet, physical activity, and alcohol consumption with the development of hypertension; lifestyle modifications have been recommended for prevention of hypertension [12, 13] .
However, no previous study has examined the joint associations of birth weight and adulthood lifestyle with hypertension risk, or evaluated their potential interactions. In this study, we prospectively assessed the joint association of birth weight at term -a marker of fetal growth restriction -and established lifestyle risk factors in adulthood with incident hypertension in the Nurses' Health Study (NHS) II [14] .
Methods

Study population
In 1989, 116,430 female registered nurses aged 25 to 42 years enrolled in NHS II by completing and returning an initial questionnaire that provided detailed information on medical history, lifestyle, and medications. The dietary survey was initiated using a food frequency questionnaire (FFQ) in 1991, which served as the baseline of the present analysis. Detailed information on lifestyle habits and medical history was updated biennially; FFQ was updated every 4 years. The follow-up for the cohort exceeded 90 % of eligible person-time.
In 1991, 100,090 participants returned the questionnaire including a FFQ. For the current analysis, we excluded participants (1) who reported diagnosis of hypertension, ever use of antihypertensive medication, or who reported median systolic blood pressure in the prehypertensive range, greater than 120 mmHg or diastolic blood pressure greater than 80 mm Hg, at or before baseline of the current analysis (1991, n = 18,468); (2) who reported physician diagnosis of other chronic conditions, including hypercholesterolemia, diabetes, cardiovascular disease, and cancer at baseline (n = 12,901); (3) who had missing data on dietary, physical activity, alcohol consumption, use of non-narcotic analgesics, or body weight at baseline (n = 6,904); and (4) who were born preterm (n = 4,339, defined as 'born 2+ weeks premature'), did not provide birth weight data (n = 4,677), or who were born of a multiple pregnancy (n = 687). After these exclusions, 52,114 women were included in the analysis. Participants who did not report birth weight or missed lifestyle factors had similar age (mean 36.3 ± 4.7 vs 36.0 ± 4.7 years) and body mass index (BMI; 24.9 ± 5.5 vs 24.6 ± 5.3 kg/m 2 ) as those with relative information.
The Institutional Review Boards at the Harvard School of Public Health and Brigham and Women's Hospital approved the study protocol. The completion of the selfadministered questionnaire was considered to imply informed consent.
Ascertainment of hypertension
The baseline and follow-up biennial questionnaires asked participants to report whether a clinician had made a new diagnosis of hypertension during the preceding 2 years [14] . Self-reported hypertension was validated in a subset of this cohort using medical record review [15] . Of 51 women who reported hypertension and for whom records of blood pressure were available, the initial report was confirmed in all cases (blood pressure >140/90 mmHg). In a second survey, blood pressure was measured in a sample of Boston-area participants who were part of the diet validation study. Among the 161 participants sampled who did not report high blood pressure, none had a blood pressure greater than 160/95 mmHg and 6.8 % had values between 140/90 and 160/95 mmHg. This confirms a low rate of false negative reporting. Self-reported blood pressure and hypertension are also strong predictors of coronary heart disease in the NHS study [16] . Incident hypertension cases included individuals who first reported hypertension on questionnaires after 1991 [15] .
Ascertainment of birth weight
Participants in NHS II were asked about their birth weight on the 1991 questionnaires [14] . Five categories of birth weight responses (in lb) were specified: <5.5, 5.5-6.9, 7.0-8.4, 8.5-9.9, ≥10.0 (in kg: <2.5, 2.5-3.15, 3.16-3.82, 3.83-4.49, ≥4.5). A validation study on birth weight was reported previously [17] . In brief, the mean values (in lb) for the five birth weight categories calculated with the state birth records of 220 randomly selected NHS II participants were 4.8, 6.3, 7.6, 8.9, and 10.3 [17] . In addition, 70.0 % of the NHS II participants reported the same birth weight category as was obtained from state birth records [17] . The Spearman correlation between self-reported birth weight and weights recorded on state birth records was 0.74 (P <0.001) [17] .
Definition of unhealthy and healthy lifestyle
Five lifestyle factors were included in our healthy lifestyle score, namely diet, physical activity, alcohol consumption, use of non-narcotic analgesics, and BMI, based on the strength of evidence related to risk of hypertension [12] . For each lifestyle factor the participant received 1 if she met the criteria for low risk, and 0 otherwise. This lifestyle score predicted risk of hypertension in our previous study in this cohort [12] . In sensitivity analysis, we also assigned weights to each low-risk factor based on the beta coefficients from the multivariable-adjusted Cox model with incident hypertension as the outcome. We then summed up the products, divided it by the sum of all beta coefficient values, and then multiplied by 5 to make the low-risk lifestyle score easier to interpret, e.g. each unit of the expanded low-risk lifestyle score presented one risk factor.
For physical activity, we classified low risk as ≥3.5 hours/week of moderate or vigorous activity. We defined moderate alcohol consumption as greater than zero but not exceeding 10 g/d (approximately 1 alcohol beverage per day) for moderate alcohol intake. Low risk BMI was defined as BMI <25 kg/m 2 . We calculated the dietary score of the Dietary Approaches to Stop Hypertension (DASH) diet, which has been associated with blood pressure [18, 19] . Women with DASH scores in the top quintile (20 %) were classified as having a low-risk diet. The low-risk category of non-narcotic analgesic use was defined as the use that was less frequent than once per week, as previous studies have documented increases in the risk of incident hypertension with even a low frequency of non-narcotic analgesic use [20] [21] [22] .
Statistical analysis
We presented the baseline characteristics of the study population according to the category of term birth weight in Table 1 . Values were means ± standard deviation or percentages and were standardized to the age distribution of the study population.
Individuals contributed person-time from the return of the baseline questionnaire (1991) until the date of diagnosis of hypertension, diabetes, cardiovascular disease or cancer, death, loss to follow-up, or the end of the followup period (June 30, 2011), whichever came first.
Multivariable Cox proportional hazards models were used to estimate relative risk (RR) and 95 % confidence intervals (CIs) for the association between birth weight at term and hypertension risk, with participants in the middle category of birth weight at term (3.16-3.82 kg) as the reference group. A linear trend across birth weight categories was evaluated with a Wald test for linear trend by assigning the median value to each category and modelling this variable as a continuous variable. We adjusted for a priori potential confounders including age, ethnicity, a family history of hypertension, smoking status, supplemental folic acid intake, and oral contraceptive use. We also adjusted the lifestyle factors including alcohol consumption, physical activity, DASH score, and the use of non-narcotic analgesics for the association between birth weight at term and hypertension. In a secondary analysis, we also further adjusted for adult BMI. We ran separate models with and without BMI because BMI may be confounder or mediator of the association between birth weight and hypertension. We updated information during follow-up period by using the most recently available information.
Participants were also classified according to the joint categories of birth weight at term and the number of unhealthy lifestyle factors. Lifestyle factors were updated at each questionnaire cycle to reflect the most recent information as a time-varying variable. If data were missing at a given time point, data from the previous cycle was used. We defined the group with birth weight at term <2.5 kg and with five unhealthy lifestyle scores as the reference group (with the highest risk of hypertension) and used multivariable Cox proportional hazards models to estimate RRs. We evaluated whether the associations between birth weight at term and hypertension differed by adulthood lifestyle on both multiplicative and additive scales [23] [24] [25] . The multiplicative interaction was tested by comparing the -2 log likelihood of the multivariate-adjusted models with and without the cross-product interaction term [24] .
To assess the additive interaction between birth weight at term and unhealthy lifestyle on risk of hypertension, 
Where, g 1 and g 0 mean different levels of birth weight at term while e 1 and e 0 mean different levels of unhealthy lifestyle.
We further proceeded with the decomposition of the joint effect, e.g. the proportions attributable to a lower term birth weight alone as [(RR g1e0 -1)/ (RR g1e1 -1)], unhealthy lifestyle alone as [(RR g0e1 -1)/ (RR g1e1 -1)], and to their interaction using the equations as [RERI/(RR g1e1 -1)], the detail information on the equation has been previously published [25, 26] .
We also calculated the population-attributable risk (PAR%) using the standard equation [27] as,
The estimated PAR% was the percentage of incident hypertension in the study population that theoretically would not have occurred if all people had been in the low-risk group, combining a healthy birth weight at term and a healthy lifestyle, assuming a causal relation between the risk factors and hypertension.
Data were analyzed using a commercially available software program (SAS, version 9.3; SAS Institute, Inc.), and statistical significance was set at a two-tailed P <0.05. Table 1 presents the age-adjusted characteristics of the participants according to the term birth weight categories. The prevalence of the lifestyle variables at baseline was similar across the categories of birth weight at term. Participants with term birth weight <2.5 or ≥4.5 kg were more likely to report a family history of hypertension. Women who had higher birth weight at term tended to have a higher adult BMI than women who were small at birth.
Results
We documented 12,588 new cases of hypertension during the 20 years of follow-up. We observed a consistent, graded inverse association between birth weight at term and risk of hypertension (Table 2 ). Compared to participants in the middle category of birth weight at term (3.16-3.82 kg), the multivariate adjusted relative risk of hypertension among people with the lowest birth weight at term (<2.5 kg) was 1.25 (95 % CI, 1.14-1.37). Further adjustment for current BMI had no material impact on the association between low birth weight at term and hypertension, with a RR of 1.29 (95 % CI, 1.18-1.41).
We further classified the participants according to the joint categories of birth weight at term and the unhealthy lifestyle score, and defined the group with the highest risk as the reference (birth weight at term of <2.5 kg and five unhealthy lifestyle score). The graded decreasing risk of hypertension with increasing of birth weight at term appeared consistent across all levels of unhealthy lifestyle factors (P for multiplicative interaction = 0.99, Fig. 1 ). Compared to the reference group, the multivariateadjusted relative risk (RR) of hypertension was 0.13 (95 % CI, 0.09-0.18) among women with ≤1 unhealthy lifestyle factors combined with birth weight at term of 3.83-4.49 kg.
The RRs of hypertension were 1.23 (95 % CI, 1.11-1.36) per 1-kg lower birth weight at term and 1.61 (95 % CI, 1.51-1.71) per 1-point higher unhealthy lifestyle score. In addition, we observed that the risk of hypertension associated with a combination of low birth weight at term and unhealthy lifestyle factors (RR, 1.95; 95 % CI, 1.83-2.07) was more than addition of the risk associated with each individual factor, indicating a significant interaction on an additive scale (P for additive interaction <0.0001; Table 3 ). The proportions of the association attributable to low birth weight alone, unhealthy lifestyle alone, and their joint effect were 23.9 % (95 % CI, 16.6-31.2), 63.7 % (95 % CI, 60.4-66.9), and 12.5 % (95 % CI, 9.9-15.0), respectively (Table 3) . When we stratified the analysis by participants' age at baseline, the proportions attributable to additive interaction were 15.9 % (95 % CI, 8.9-22.9) for age ≤30 years, 12.9 % (95 % CI, 8.6-17.1) for 31-35 years, and 11.8 % (95 % CI, 8.0-15.6) for ≥36 years (Table 3) .
Compared to the rest of the cohort, women with birth weight at term of 2.5-4.49 kg and all the five healthy lifestyles had a relative risk of 0.33 (95 % CI, 0.26-0.43) for risk of hypertension. The PAR% for not being in this group was 66.3 %, indicating 66 % of the new cases of hypertension in our cohort could have potentially been prevented if they had all five healthy lifestyle factors combined with a birth weight at term 2.5-4.49 kg ( Table 4 ). The PAR% for not being in the low-risk group was 76.1 % (41.5-91.4) for those ≤30 years, 63.8 % (95 % CI, 44.7-77.3) for 31-35 years, and 66.0 % (95 % CI, 53.7-75.6) for ≥36 years (Table 4 ). In addition, the PAR% for not being in the low-risk group was 63.3 % (95 % CI, 50.4-73.4) among women with a family history of hypertension and 70.5 % (95 % CI, 55.6-81.0) among women without a family history. In the sensitivity analysis, the women with birth weight at term of 2.5-4.49 kg and having four healthy lifestyles without considering nonnarcotic analgesics was 55.5 % (95 % CI, 48.1-62.0).
We performed several sensitivity analyses. In order to examine potential confounding of socioeconomic status (SES), we added self-ranking of their standing in US society, including their money, education, and jobs, as a surrogate of the SES to the multivariable-adjusted model. The SES adjusted RRs of hypertension were 1.22 (95 % CI, 1.10-1.35) per 1-kg lower birth weight at term, 1.59 (95 % CI, 1.49-1.69) per 1-point higher unhealthy lifestyle score, and 1.93 (95 % CI, 1.81-2.05) for their joint effect, with a RERI of 0.12 (95 % CI, 0.09-0.14; P for additive interaction <0.0001). When we applied the expanded low-risk lifestyle score, the RRs of hypertension were 1.28 (95 % CI, 1.17-1.40) per 1-kg lower birth weight at term, 1.46 (95 % CI, 1.40-1.51) per 1-point higher unhealthy lifestyle score (5-expanded low-risk lifestyle score), and 1.84 (95 % CI, 1.74-1.94) for their joint effect, with a RERI of 0.10 (95 % CI, 0.08-0.13; P for additive interaction <0.0001). We also performed analysis of the main research question based on the cross-sectional data at baseline including all participants without missing data of birth weight and lifestyle factors. The odds ratios of hypertension were 1.09 (95 % CI, 
Discussion
After 20 years of follow-up of a large population of initially hypertension-free young women, we observed that the risk of hypertension associated with a combination of low birth weight at term and unhealthy lifestyle factors was more than the addition of the risk associated with each of these factors, indicating a significant interaction on an additive scale. Our data indicate that combination of a healthy birth weight and a healthy adulthood lifestyle could prevent 66 % of the cases of hypertension in this population.
It is hypothesized that restricted fetal growth reflects maternal vascular stress inherited by her children, and which may also interact with adulthood lifestyle [28, 29] . Even though the precise mechanisms remain unclear, previous data have suggested that a reduced number of nephrons associated with low birth weight might play a pivotal role [30, 31] . A reduced nephron number may lead to overworking or hyper-filtration of glomeruli [32] , and exacerbate the effects of other risk factors, such as a high salt intake, on hypertension [33, 34] . Other factors involved in the developmental programming of hypertension include vascular structural and functional changes [35] , neuroendocrine adaptations to stress, insulin sensitivity, and sympathetic nervous system activity [36, 37] . To our knowledge, our study provides, for the first time, evidence that fetal growth restriction may interact with later lifestyle to increase adulthood hypertension risk. This finding is in line with previous observations. For example, adult blood pressure was more markedly affected by obesity among individuals with low birth weight [38] than normal birth weight individuals or among individuals exposed to famine prenatally than non-exposed individuals [10] . In our earlier analyses in a large Chinese cohort [8] , we found that the associations of fetal famine exposure cohort with increased blood pressure in adulthood appeared to be stronger among adults who were overweight or had a Western dietary pattern in later life. Our finding in the current study provided further evidence that individuals with fetal growth restriction may be more sensitive to the adverse effects of later life unhealthy lifestyles on hypertension risk.
It is widely accepted that hypertension can be prevented by lifestyle modifications. The National High Blood Pressure Education Program Coordinating Committee published its first statement on the primary prevention of hypertension in 1993 [39] and updated it in 2002 [13] . The recommended lifestyle modifications for primary prevention of hypertension include maintaining a normal body weight, dietary modifications, engaging in regular aerobic physical activity, and limiting alcohol consumption [13] . Recent meta-analyses of lifestyle-related intervention studies provided solid evidence for the primary prevention of hypertension by modifications of those lifestyle factors [40, 41] . In a previous study of NHS II between 1991 and 2005 [12] , a hypothetical PAR of 78 % was observed for women who lacked the six low-risk lifestyle factors, , and not moderate alcohol consumption (moderate: 1 to 10 g alcohol/d) and use of nonnarcotic analgesic medications at least once per week including the five low-risk lifestyle factors included in the current analysis and intake of 400 μg/d or more of supplemental folic acid [12] . Compared to the previous analysis, we did not include supplemental folic acid as a low-risk lifestyle factor as the nationwide fortification of enriched uncooked cereal grains with folic acid in the United States became mandatory from 1998 [42] ; after that, the mean serum folate level has stayed at a much higher level [43] , and thus the benefit of further supplementation of folic acid is not clear. In the current study, the observed PAR% for the absence of six low-risk factors, including healthy birth weight and five low-risk lifestyle factors, was 66 %, which is somewhat lower than the previous study [12] . One reason for such difference is that the current cohort included six additional years of follow-up and thus the participants became much older. When we stratified the study population by baseline age, the PAR% for absence of five low-risk factors and birth weight within 2.5-4.49 kg was 76 % among women who were less than 30 years of age at baseline, which was higher than the previous estimation of the five low-risk factors (72 %) [12] . The difference of PAR% across different age groups is consistent with findings from our previous observation [44] and highlights the importance of lifestyle modifications at early age.
Our study also indicates that 12 % of hypertension cases may only occur if both unhealthy birth weight and unhealthy lifestyle were present, not if only one or the other is present [24] . This finding is important not only for the primary prevention of hypertension, but also for understanding the mechanism [45] . Specifically, a percentage of hypertension cases appeared to be related to the additive effects of both prenatal and later life factors, providing new evidence in this research area [28, 29] . As low birth weight itself is not a causal factor in the fetal programming of adult disease but an indicator of intra-uterine adversity that increases the risk of hypertension in adulthood, our findings emphasize the importance of prevention of fetal growth restriction that may be due to modifiable risk factors, such as maternal nutrition and smoking [46, 47] . Adoption of a healthy lifestyle by young women could not only benefit them, but also prevent hypertension in their offspring [48] . A major strength of the present study is decomposition of the joint effect of birth weight and adulthood lifestyle factors. Our study, for the first time, quantitatively estimated the joint effects of prenatal and adulthood risk factors on risk of hypertension. Other strengths of the present study include the large number of incident hypertension cases, long-term follow-up, and repeated measurement of lifestyle factors during the 20 years of follow-up.
Our study has several limitations. First, our cohorts included mostly Caucasian women and the PAR was population-specific, which limited the generalizability to men or other ethnic groups of women. However, the relative homogeneity of the study populations in educational attainment and SES enhances the internal validity. The prevalence of low-risk factors in the NHS II women is much higher than that among Black and Hispanic women [49] , while the percentage of low birth weight [50] is greater in the general US population than that in our cohorts. Therefore, the impact of unhealthy lifestyle and low birth weight would be greater in more racially diverse populations. Second, we could not exclude the possibility of exposure misclassification of the questionnaire-based assessment of lifestyle factors. However, the prospective study design indicates such bias would likely be random with respect to outcome status, resulting in attenuation of the effect estimates, thus underestimating the true associations. This study was also limited by its reliance on self-reported birth weight and lifestyle factors. As discussed previously [14, 51, 52] , missing birth weight or lifestyle factors was likely to be random in our cohort, and therefore unlikely to affect the associations we observed artefactually. Although we have adjusted for family history of hypertension, residual confounding from genetic effect still could not be totally ruled out. Recent genome-wide association meta-analysis identified seven loci associated with birth weight, and one of these (ADRB1) was also associated with adult blood pressure [53] . Unmeasured confounding might also exist even though we have controlled for a wide range of risk factors for hypertension. However, only a very strong unmeasured risk factor for hypertension together with a very large prevalence imbalance among exposure groups could explain our findings [54, 55] .
Conclusion
In conclusion, our findings suggest that the effects of fetal growth restriction and unhealthy lifestyle on the risk of hypertension are greater than additive. Though some cases of hypertension may only be prevented by simultaneous improvement of both prenatal and postnatal factors, the majority of cases of hypertension could be prevented by the adoption of a healthier lifestyle.
